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A SUMARY OF HINGZLESS-ROTUX rEGEARCE AT NASA - LANCLEY

John F. Ward and robert J. Zuston
Aercspace Engineer. YIUL Zranch
Flight Mechenics and Techiaclogy Divisien
HASA Langley Reseaica Center
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This peper will swen.Tize the hirgel-so-rTotnr-
researcn investigstiors conau~ted at the NASA
Langley :lescearch Center. These investigations
inciude first,; an exploratory {l.ght-test prograz
utilizing a thr~e-bdlede nirgele s rotor installed
or ar H-13 relicopter; and, second, the wind-tunnel
testing of an seccelas.l-~ally scaled r2search model
03 a hingeless-rotor helicopte: =7 simulsted for-
ward speeds up to 270 mph with Fuli-scaze “2ynciis
aurber and Mach number sizmlation. "Tae rhird area
of effurt deals vith the analytical ‘reatment of
the hingeiess rotor. Thic work vus done ¢o define
the fundamental reasons behind the results obtainea
in the experimental invest!zaticns.

The flight-te<i-progran results illustrate
the improved -~mtr=l pover ard damping chascacter-
istics ¢f the hingeless-rotor system apnd the
influence of the increased aepneyverabiliity on the
rotor structural loeds. The r-guits of the dynamic
model wina~tunrel investigation inciude a summary
o the effect on scructuranl lcods and dynemics of
reducing rotor blade chordvice ztiffwmess to the
level Of the blade flarwi<e stiffness //}’ //é‘/
¥

Rotation
Ay tlade longituiliral cyclic pitch amplitude,
radians
2, rotcs coning argle, radians
By bt.ade lateral cyclic pitch amplitude,
radians
e blade zctual rig.d offset, nondimensiocal

mass mcrert of ineitla of “iade about
flarzing hinge. s.ug-ft

-~

¥ pylon suuport sprag s iffness, lb/.n.

‘; effective srring stiffess . sirtual lag
hinge, in-1%/radisn

M tctal hub moment, ft-1b

Ma iongitudina’ hub moment, ft-ib

My lateral hub moment, ft-1b

M.“_p rotor advancing tip Mach numoer

q aircrafv pitching velocity, radlans/sec

A2 velocity along flight cath, mpa

Vsim simulated till-scelie velocity aloang flight
path, mph

L-3083

-«
31 amplitude cof dlade {irsc hsrmonic flapping
axgle with respect ic snaft axis, radians
b4 tiade Icck nuzber
$ blade cyelic plich a- litude, radisrs
90 tiede collective pitrh angle, radimas
2 tlade %twist., radiaus
Py inflow ratio
B rotor ti> ~pued ratio
Wy g blade first bending mode. ncnrotating,
catural frequency, com
Q Toter rovational speed, rum
p norxel operating rotor rctatioral scpcad,
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introduction ~

The renewed interest in utilizing hingeless
rotors on the heliccpter stems from the potectial
advantages that may be achleved ir three principal
areas. First, because of cantilever action of the
hingelesr blade system, iarge sircraft conircl
moments are transferred directly from the rotor
icto the fuselage as a strong source of aircrafc
Iitching and roiling mment. 7This resu.ts in
order-of ~-magnitude imgrovements in the cortroi-
labil (ty and flying quelities of the helicopter.
The second area of improvement sters from the
cpportunity to achieve cubstantial reduction in
rotor hub drag. This drag reduction com:s about
as a result of the aerodynamic .ieanness that may
be schieved Uy the elimination of flappirg und
lagging hirges, in-plane vlade dampers, and asso-
ciuted hardware in the vicinlity of the rotur but.
This reduction in complexity leads to a third arvea
of improvement, whicn 1s a substartial reduction
in mechanical miintenance.

The logical question that arises i{s: If the
hingeless system lcoks to promising now, why uas
its development been postponed for so long? As
pointed out in reference 1, scme light car be shed
on this questi~n by considering a bit of hictory
connected with an warller nonarticulated or binge-
leas system. Ir 1939, Langley flight tected a
nonartliculated, stiff bladed "rigid" rotor
(rer. 2). Ome of the conclusions resulting from
this investigation was that flexibility should be
1atroduced into the system. It is believed tha.
most and perkaps all past failures w'th "rigid"
rotor systems involved attempts at preventing,
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losteud of incorporating, flexibility. Tcday's
hinge.ees rotor desigas dc not attemrt to avcid
fiaxibility bat, rather, verying amuunts of flexi-
Vilivy are used us 8 means ¢r alleviating high
ctress levels in the rutor sysiem.

Most oi the recent reszarch aud developmert
of the bingeless rotor principle has been carried
out hy Lockheed Aircraft Corporation, Bell
Helironter Company, and NASA. Iochhccd, which has
chosen the hingeless-rc.or helicopter as its entry
into ine heliccpter fleld, is involv: I in tke
develomment of what is iatconded to be au cptimized
operatioral alrcraft of th.s type (see res. 3).
Bell's work on t.e hingeless rotos (ref. 4) has
Involved the use of a number of experimemtal rcicr
systems instailed on existing helicopters to pro-
vide research informacion.

Becaute of its potential for coniributing tc
ke solutioa of some existing lixdtatlions of the
articulated rotor system and the need for amici-
standing {he fundament<l advearisges and rasiric-
tions of the hirgciess cystem, NASA-Langley has
nndel Laxer & reserych program involving both
r£lisht and wiyi--tunnel {nvegtigeticons. The prog-
res< I this work Las been 12ported (1 refer-
ences 1, 5, 6, ana 7. The vpresent paper will sum-
marize the resulls to date and prosent scue of the
gen~rcl structurai ana dynemic charactericstics of
the hingeless-rotor syst>m as de‘ermined from ihe
flighkt end wind-tunnel investigstionms.

Flight Test

In orde. to begin exploratory fligit-test
work with a hingeiess-rotor system, NASA purchased
from Eell Helicopter Company a duplicate of aa
existirg set of experimental hingeless-~>t>v com-
wonents (see ref. 4). These rotor and cuntros
system ccmpcnents were installed on an Arn r-
supplied E~13G helicopter and a fligut-test prc-
gram was cerried out at Zangley. The test a'r-
craft 1s spown in figure 1. 7This aircraft wa. not
intended <o ve an optimum design but was an ava {1-
able experimevrtsal vehicle which offered an oppo.-
tunity vo condvet a yceliminary iavestigation of
the hingeless-rotcr concept.

During the program, data were obtained for
various flight coniitions throughout the forward-
speed range. In addition %o level-flight condi-
ticns data were obtained in autorotation, vertical
descents, - *teep turns in level and autors.utive
flignt, mrueuvers, anad slope takeoffs a..
landings.

Tastrmentation

Since the principal innovation in the hinge-
less sysiem is the ability to trsnsfer large
moments from the roior system into the hub and
rotor shaft, attention was focused on the measure-
mept of the structural loads in this area.

Netalls of the hub assembly are shown in figure 2.
The blede roct, hub, rotor shaft and control link-
ages were the primary components selected for

8 rain-gage instrumentation. Flight-test instra-
mentation also included measurement f the

aircraft's fiy¥iz qualities. This fustrvuwertation
included capebility for measurement of ajircraft
center-of-gravity linear acceleraticns; aircreft
angular~velocities in roll, pitca and yaw; and
pilot's control positions.

Co.trol and ..esponse

While the decumentatica of the aircra‘tis
Piying gualitles was ol secondary concern ii this
particuiar program, the aircraft control and
responsc will be discussed firsv in order to
cescribe the general behavior of the respcnse to
pilot contrcl and in order to form a basis for the
later Aigcnssion of the structural loads ascsociated
wita the aircraft's resporse.

Measured response.- The faverable flying guai-
ities o¥ the Lingeless rotor bec=ni quite obvious
early ir the flight piugrar. A sample illustru-
ticn 2 tte improved characteristics is presenwed
in figure 3. This figure, taken from veference 6,
shows a time history of the slrcraft's angular
velocity in pitch prcduced by a longitudinal con-
trol step input. The response of the hingeless-
rotor peiicopter suown by the solid line 1s very
rapia whep compared tc the response of an =riitu-
lated rotor as indicated by the dasted line.

Tnis improvemcit in aircraft response is farv
rnore significant than can be iudicated in fig-
gure *(a). As pointed oo. 1in reference §, the
time lag of tie hingeless system, due to a ramp
ioput in control, plus the time constant (the time
required to reach 63 percent ct the steady-state
value) 1» of the order of two-tenths of a second.
Because of the "tight" response of the hingeless
system, the wilot receives early anl clear evidence
of *nc angular velocity developed by the controcl
motion. In contrast, the sample articulated rotcr
response is such tuat the pilot must wait over
i second before the resulting steady-sta*. «agular
velocicy ir reached.

The reasured co..tro? p.wer and damping {(in
pitch) of the hinge'ecss system 1s plot*- 3 in fig-
ure 3(L) relatives to the handlinz-qualities bounc-
aries of r~izrence 8. The hingele.s rotor H-1C
fully r-sts the minimuw requirenents #nd, in fact,
pos-usses contrcl power and demping values an
order of magnitude sriater taan conventlonal artic-
1lated rotzis. Previous investigations by NASA to
s~lavlish minimm dosirable conirol and response
chiracteristics (:ef. 9) covered cnly the boti.a
corser of figure 3(b) shown as the lined and
dott>d areas. The calculated control power end
damni,g of the H-13G hingeless rotor is also plot-
ted in figure 3(b). .his pr'nt was caleculaced,
using th> methods of referen‘e 10, assuming no
control wa~hcut. Actually, the H-13G control
system had & nonlinear washout of control input
which was a fucction of pylon deflection.

Another example of the improved flying quali-
ties of this hingeless .~tor ie reflected in the
fact that with no artificias -tabilization devices
nor a tail surface on the fuselage, the test
rotor-fuselage combination was stable througnout
tlhe spe2d range. The response of the helicopter
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to a pull-and-hold maneuver at 75 mph is shown in
fig-.re b for two different sprag mount stiffnesses.
(The sprag mounts restrain the lower exiremes of
the rotor wylon which is essentially pivoted near
tne aircra®t ceuter or' gravity.) The time history
of the normsl acceleration is seen to be concave
Zownward within 2 seconds for the hard sprag
mounts and within slightly over 2 seconds for the
soft sprag sounts. A short-period oscillat’on
appears 1o pe 3iightly more pronounced fur the
uard sprag mounts than for the scft sprag mounts.
The stable response to a pull-and-hold maneuwvc: is
telieved to be at least partislly due to the
results of ac effcciive spring constant between
the swashpiate and the pilot's control. The
flexibilicty in the rotor mast coupled with tba
elastic restraints at —<he iover end of the rotor
mast result i) the control system having ar. effec--
tive spring between %he control input and che
swasholate. Mitler has Indicated the improved
responsc characteristics theoretically obtainable
by the use of "rigid rotors,” or flapping offset
(ref. 11) or tue use of spring and dampers in the
control system (ref. 12). The combiration of a
hingeless rotor (resulting in an effective offset
of approximatel, 12 percent) and the effective
spring in the control system has, in this case,
resulted jin & helicopter with angle-of-attack sta-
bility. The effect of a change in the sprag
stiffness (or ‘the cortrcl-system spring) has modi-
fied the stability characteristics.

Calculated control and derping moments.- It
ie freqw-ntly stated that the control-moment and
demping-moment capabiliiy oy the hirgeless rotor
may be schieved with an articulate’ rotor with
sufficient flapping hinge offwvet. It may be of
jnterest to note in passing thot theoretical
examination show; there 1s no such thing as an
equivalent flapping-hinge offset which represants
all characteristics of a hingeless blade. A com-
parison of the hud moments of the hingeless and
articulated systems is showa in figure 5 as a
function of blade offset. In figure 5(a) a com-
parison of the hub total control moment per
radian of blade cyeclic pitch 1s presented as a
function of actual blade offset & for a fixed
blade ~cAius and a conventional blade stiffness.
In colculating *he hub moments for the hingeless
rotor the simplified methods presented in refer-
ence 10 were used. Tais method utilizes an
equivalent "virtual offset" hinged blale with a
spring at the hinge which gives the approximate
cantilever blade rirst flapwlse bending mode shape
and natural frequency. In order to clarify the
terminolcgy used in this paper .t is pointed out
that the Lub moments in figure S5 are compared on
the basis of "actual" rigid offset (the offset of
the blade flapping hinge in the case of the artic-
ulaled blade or the point of attuclment of the
cantl}ever blade in the case of the hingeless
system, Therefore, once aa actual offset was
aseigned to the cantilever blsde an equivalent
hinged syttem with addiiional "virtual' offset
and spring cestraint could be determined. It has
been assumed that the effectiv2 thrust vector
tilt of the bhirgeless and arciculated roture is of
necond order, reoains constant, and is . Toxi-
mitely equal for bota types (ref. 10). _.e sare

presentation is used in figure 5(b) for rotor
pitch angular velocity damping woment and damping
cross-coupling moment.

Referring to figure 5, it can be seen that it
would requjre approximately lS-percent offset for
the artf.ulated system to achieve tu- control- and
damping-mcment capabllity of the kirgeleszz system
~»ith a zero offset. If equanl vaiues of cifset are
used for botk rycicms, the hingeirss rotur pruvides
great=r bub moment capability over the range of
practicul offset values. 1In other words, for any
glven ofrset hinged rotor design, the simple
removal of the hinge, changing the blade funaa-
mental mode from the pendulum mode to the canti-
lever first bending mode results in an increase in
moment capability. This is equivalent to supplying
ar additional 10 to 15 percent of effective offset
to the original hinged rotor. This increased
moment capabllity is accomplished with the likely
prosp2ct of a decrease in hub drag and complexity.

The icriuence of blade struciwr l stiffness
on the countrol mwoment and demping capatilivy of
the hingelers system is illustrated in figures 6(a)
and 6(b), respectively. The variatic: of rctor
hub ncnd!mensiopal longitudinel ccntrol moment per
radlan of blade lateral cyclic pitch and the rotor
hub dampicg moment per unit pitch angulavr velocity
are presented (left-hsnd plot in fig-. 6(a) and
6(b)) as functions of rotor blade nonrotating
first-mode rflapwise bending-frequency rutio
w fQ. Curves are presented for three values of

blade Lock number (~hich represents blade density).
These calculations were based upon the use of an
equivalent offset hirge vlade with spring restraint
at the hinge, which gave the cantilever-'first
bending mode natural frequancy and approximete mode
shape (ref. 10). The cross coupling, or rolling
moments, due to blade lateral cyclic pitch input
and pitching velocity are shown in the right-hand
plot of rigurcs €(a) and 6(r), respectively.

Again the moments a:c sbrsn as a function of olade
roarotating first-bending-mode frequercy ratio.

A successful hingeless rotor can be expected
to have a frequency ratio of 0.2 or less, which is
approximately that of the first cantilever bending
mode of curren: articulated rotor blade designs.
Tigher values of u.\ls/n result in high bending

stresses at the blade root becaus= of lack of the
centrifusil relief on a very stiff blade. Also as
indicoted .n Pigure 6 there would be excessive
cross coupling ot hub uwoments. The cross coupling
asgociated with blade lateral cyclic pitch input
cen be eliminated vy proper mechanical phasing of
control input; however, the reduction of the cross
coupling of angular velocity damping presents a
more difficult problem.

The simplest hicgele .8 blade design approach
would be to provide & flexible blade with the
lowest value of ‘”15/9 which would provide gen-
erous control power zad damping capability with
minimum cross coupling. The blade {lapwise flexi-
bility will allow for the centriiugs. relief of
large aerodynamlic flapwise hending moments, therebr
minimizing the blade flapwlse bending stresses.

NI
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St actural Loads

The general approach in the investigation was
to sample all practical flight conditions in an
effort to identify those conditions which required
most immediate and detalied study of locads and
dynamics. The structural louads data obtained
during the flight program produced a number of
interesting results. Prior to the flight program,
it was anticipated that the stress levels in a
number of structural components might be high and
could perhsps limit the pumber of flight condi-
tions investigated. For the most part, these high
stress conditions did not materialize or could be
avoided with proper pilot technique.

Ground operation.- With the eircraft resting
on the ground the rotor-shaft stress levels were
strongly dependent on piloting technique. The
hingeless rotors have the capebility for producing
veiy high rolling aid pitching moments (even with
zero collective pitch; as a result of very small
cyclic stick displacements. Therefore, during
ground run-up and lift-off, extreme care had to be
exercised by the pillot to keep the cyclic stick
centered. It was necessary for the pilot to
anticipate the cyclic trim position during the
transition from the ground to alrborne conditi-n.
In this case it was difficult tu avoid high rotor-
shaft cyclic stresses.

During slope lendinge and take-offs the situ-~
ation was similar to the level ground condition
but, in addition, it was necessary for the pilot
to arrive at a level-attitude hover condition.
This added to the difficulty of avoiding high
rotor stress levels. However, it was determined
that the best technique was to apply almost full
collective control first to reduce the gear
reaction on the ground prior to bringing the air-
craft to a level attitude with cyclic control.
The reverse control sequence was used in slope
landings. In addition to pilot technique, there
are a number of available approaches toward the
reduction of this stress problem, dut it will
require specific design attention.

Flight loads.- The {z-flight structural loads
encountered are cxzidered in two categories -
first, those measured in level flight and, second,
the louds measured in maneuvering flight.

The level-Iligh* stractural loads in primury
rotor components are summarized in figure T.
Although the test votor was fabricated from stand-
ard articulated components !-acepc for the hud
itself;, the measured loads experienced in level
fiight turoughout the speed range were not above
the deaign "fatigue limit" for these components.
"Fatigne limit" is defined as the cyclic load
arplitude which results ir a fatigue life equal
to 108 cycles. Although fhe piten link loads
appear to be the largest in magnitude in figure 7,
they were not consideéred to be unusually high.

The maximm coatinuous cyclic pitch link loads
during transition were on the order of 80 pounds
with a zero meesn load. Tt is Aimportant to bear in

mind, *00, that the order of importance implied in
figure T for the several components doer nut
represent the overall results of this study.

During the test program, structural loads
vere monitored carefully as the flight envelope
wes expanded in order to acsure saltety of fligut.
As the program progressed, it became apparent that
by utilizing the improved mansuver capability of
the hipgeless-rotor system high s ructuwral loads
were induced. In general, the high loadings were
not of a critical nature, and the increase in load
level with severity of the maneuver 1as certainly
not unexpected, erpecially with regard to rotcr
shaft and blade flarwise bending mcaments. How-
ever, the structural loading of most concern
turned cut to be the "in-plane” or chordwise
bending moments induced in the rotor blades. Tke
amplitude of the rotor blade-chordwise cyclic
berding moment wes very sensitive to maneuvers in
vhich high aircraft angular velocities were
developed. 1In some instances the amplitude of
this losding expended well beyond the s*ructural
fatigue limit, during pitch and roll manzuvers
that were well within the capability of the air-
craft. The dbuildup of cyclic chordwise berding
uoment with argular velocity occurred in pitch snd
roll maneuvers throughout the speed range. This
is 1llustrated in figures 8 and 9 where sample
time histories of the blade cyclic chordwise
wonding moments are presented for a huvering
maaeuver and a maneuver at a forward speed of
80 mph. The sample loads measurements presented
in figure 8 (ref. 6) are for a hovering maneuver
wherein the pilot executed a longitudinal control
step displacement =2 recovery. During the period
of wmex =um angulor v2locity, the bulldup of the
cyclic choriwise benling moments reaches a maximum
of plur and mimus 30 000 inch-pounds, which is
at_ve the structural fatigue limit of the bla’e.
It should be pointed out tzai & large portion of
+the gteady or m=can chbordwise bending moment
(anerorimately 20,00 inch-pounds) f£or this rotor
plade is due to the tlade enter-of-gravity axis
being noncoincident with t.ae neutral axis of the
Ylage.

The oscillatory flapwise bending moment
increases during the recovery maneuver, but does
not sLow the degree of sensitivity to the maneuver
exhibited by the chordwise bending moment. The
flapwise bending moments are measured from the
nonrotating dieop load conditiom; th . . the
mean flapwise moment in flight is ap;. . ely a
zero stealy moment .ondition.

The rotuting mast moments during ' iunitial
portion of the maneuver do not build u 2 to the
application of a control mowent because tone ini-
tial controi moment cancels a moment due to some
minor center-of-gravity offset. MHowever. during
the recovery, where the control moment and the
offset center-of-gravity momrnt add, the cyelic
mast moments reach & maximum éuring maxieum angu-
lar acceleration. It appears from this result
that careful design consideration will be required
to provide large allowable center-of-gravity travel
in conjurction with full maneuver capability.
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The situstion &t 2 rorward speed of 80 mph in
a 1.5g turn 1s shown in tigvre 9. Again the chozd-
vise bendins moment shows the large buildup with
angular v:lccity, in this cas: to an amplitude of
35,000 inch-pounde, and agaln ahove the structural
fatigue limit. Continuous operation at this load
level would result in & 10-hour fatiguc life for
this rotor blade. In contrast to the load: meas-
ured in hovering and maxiium forward-speed maaecuver
conditions are the loads measured during the maneu
vers performed in autorotation starting at 5( mph.
Tnis case is shown in figure 10 and there is a
cc aplete lack of buildup in chordwise bending-
moment emplitude during tke msneuver, even tlL-ugh
an angular velocity of 0.4 rad/sec was obtained.

This large change in chord load maneuver sen-
sitivity vith flight cond!tion presented a very
interesting situatica whica required an under-
st ading of the fundamental factors involved. To
understand this potential problem area an analyui-
cal trcatment wae undertaken. Theoretical analysis
of the oceillstory ch: ~dwise bending moments during
maneuver conditions vas performed using an ejuiva-
lent offset flappins, hinge rotor with spring
restraint. The results of this analysis indicated
that for a given configuration the blade oscilla-
tory chordwise berd.ng momeat bulldup during
aaneuvers is primarily dependent upon chordwise
stiffness, collective pitch, bl: .e flapping, and
coning deformation.

M --x;lg(%Q+%+%) +2a°]pl (1)

Therefore, in this autorotution with low collective
pltch and reduced flapping, the oscillacvory moment
du—ing the maneuver would be predicted to be sub-
stantially reduced as was the actual case ir
figure 10.

As noted above, the amplitude of the blade
chordwise bending moment is proportional to vlade
chordwise structural stiffness Kg, and this

offers a means of alleviating the chord lcad sen-
sitivity to maneuvers by reducing the blade cLord-
wise stiffnees. A demcnstration of the feasibility
of reducing blade structural loads by 1educed
chordwise stiffness will be included in the fol-
lowing discussion of hingeless-rotor dynamic mcdel
wind-tunael test results.

Dynamic Model Investigation

As part of the hingeless-rotor research pro-
gram, Langley has taken part in a cooperative
effort involving T.S8. Army-TRECOM, Lockheed
Aircraft, and NASA. This program has involved the
drsign, conttruvtion, and wind-tvunel testing of
& 1/3-scale hingeless-rotor helicopter model,
which was aeroelastically scaled. The program has
rroceeded in three phases. The first-phase
testing was dons in Langley 30-Foot by 60-Foot
Full-Scale Tunnei and the second- and third-phase
testing was done in the Langley 16-Foot Transonic
Dynamice Tunnel. The initial results and snalysis

of the first- and second-phase testing will le
published in reference 13.

- A considerable number of dynamic confi ra-
tione have heen tested during the program.
Regearch irformation of general interest resilting
from the program includes complete struciural load
snd aerodynamic date for the various rotor ccnfig-
urations. Rotors tested included those with
twisted and untwisted blades; 3-, 4-, and 6-blade
rotors; and variations in blade flspwise and chord-
wise st.ffness and stiffpess distribution. Each
of these configurations was tested through a
forw rd-speed and load-factor g range simulating
helicopter, unloaded rotor, and compound heli-
copter operutiorn.

Model and Inctrumentation

A schematic of the model ané support system
1s shown in figure 11. The model rotor is 10 feet
in diameter and the fuseiage is supported on a
soft soring mounting above the tunnel balance
system. In the 16-Foot Transoric Dynamics Tunnel
a2 spedlal six-component strain-gage balance was
usud” instead of the normal tunnel sting balance
arrangement. Ir the Full-Scale-Tunnel testing the
tunnel balance system was used. .. 90-horsepower
electric motor drive system was installed within
the fueeclage of the model and the model was
restrained in yaw to provide the rotor antitorque
moment. The model was essentially "flown" in the
tunnel rom u remote console where collective
pitcha, cyclic pitch, and model attitnde control
inputs were made.

In addition to the six-co>mponent balance data
svailable, the model was fullv instrumented to
obtain struciv~ ° loads, vibration, and contrel
position data. bis instrumentation inclyded the
following.

Blade flapw!se bending moments
Blade chordwlse bending moments
Blade torsion

Blade pitch position

Pitch link loeds

Swashplate position

hotor shaft torsion

Body accelerations (3 components)
Body pitch and roll moment

Body angle of attack

The belance data were recorded on punchcards and
similtanecusly all model ipstrumentation output
was recorded or an oscillograrh or megnetic tape.

Results

Fhase I.~ Seven rotor configurations were
tested in the Langley 30-Foot by 60-Foot Mull-
Scale Tunnel. These tests covered a simulated
speed range from hovering to 120 miles per hour
and load factors up to Z.55-

4 photograph of the model ims*tallation in the
tunnel test section is shown in figare 12. The
rotor configurations tested were all 3 bladed and
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tue blades were of wide chord glving a rotor sclid-
ity of 0.12. The testing in the FMull-Scale Tunnel
was done to study a varlety of rotor dynamic con-
figurations at low and moderate forward speeds
prior to testing selected configuratiors at high
forward speed in the Transonic Dynamics Tunnel.

The model was properly scaled in &il respects
except Mach number and Reynolds number for the
phasge I testing.

Scme of the highlights of the structursl loads
results ar: shown in figures 13, 1%, and 15. In
part (&; of each figure curves are shown for three
rotcr configurations in 1 g trimmed flight condi-
tions. One conflguration rerresents conventional
Plade design with a blade cantilevered from the
rotor hub which had a very high chordwise stiffness
relavive to its flapwise stiffness. The second
contiguration was the same blade with a reduced
chordwise sitiffness at the root achieved by using
a flexible drag link. The stiffness of the drag
link was such that the static deflection of the
blade tip under a tip load was equal in both the
flapwise ¢nd chordwise direction. The third con-
figuration was & blade in which the chordwise
st uctural stiffness along the entire blade was
equal to the flapwise blade stiffness.

The variation in oscillatory blede torsional
loed throughout the speed range is shown in fig-
ure 13(a). The corresponding variation in the
magnitude of cyclic flapwise bending moment is
shown in figure ik(a). In this care the first
harmonic content of the flapwise moment was sub-
Ject to some inaccuracy at ithe higher speeds due
to the model being slightly ocut of trim.

From the stan(poirt of structural loads, the
most sigp!ficant reeult of the phase I testing is
shown in figure 15(a) which shows the amplitude of
cyclic chordwise mowent at the blade root for
lg “"light over the simulated speed range. As
indicated in the figure there i3 a large inc-ease
in chordwisc: cyclic load with increasing speed for
the conventionai blade (that is, for a blade with
high chordwise stifr.ccs and low flapwise stiff-
ness). The chordwise stress lavels reached on the
conventionnl blade were excessive for .crtinuous
operation. By using a flexible drag link at tuc
blade root to reduce the blade chordwise stiffness
to match the flapwise stiffness a large reduction
in chordwise cyclic loading was cbtained over the
entire speed range. An even greater reduction in
the 1c285 was achieved by matching the chordwise
stiffrese to the flapwise stiffness along the
entire blade. Here again the introduction of
flexibility has led to load reduction and this
methcd of reducing chordwise loading shows promi.se
of offering the solution {0 the problem of high
cyclic cherdwise moments experienced in the flight-
test maneuvers mentione? in the first part of this
paper (figs. 8 and 9). As indicated in equa-
tion (1) and demonstr.ted in the wind-tunnel-test
resulte the btlade chv.rdwise stiffness x; is a

primary factor in determining the magnitude of the
chordwise cyclic loading.

While the results preseried in part (a) of
figures 13, 14, apd 15 are for 1g flight, the
effects of variatioms *: load fuctor were investi-
gated and the resv'“s are prelented in pavt /b) of
figures 13, 14, and 15. Ax (ndicated in fig-
ure 15(b), large redu-.t r s _a blade chordwise
cyclic loaaing were ggair ovtalned with the intro-
duction of chordwie Sleai.ility

Phase IT.- Following completior >f the model
tests in the Full-Scale Tunnel. et rimulated forward
speeds up to 120 rmph, the model was iested ir the
Lanzley 16-Foot 7‘ransonic Dynamics Tuwwel. In
these tests the mod-l vas rebalinsted aud +ested in
Freon at a deusity of 0.008 elw; per cubic foot
and complete dynamic and aerod nemic scaling was
achieved including Mach number and Reynolds number
similitude. The model is shcwn installed iz the
Transonic Dynamics Tunnel ip .%gure 16. The basic
configuration tested was thr: 3-blade rotor with
matched root stiffness. Aerodynamic and stvictural
load data were obtained wich simlated forward
speeds from 60 to 240 mph and tip Mach mumber up to
0.92. Helicopter, unloaded rotor, and compound
helicopter modes of operition were sampled. Chord~
wise cyclic load data obtained are shown in fig-
ure 17. This figure also incluies the corre-
spond’ng data obtained in the Full-Scale Tunnel
(fig. 15) for comparison purposes. A beneficial
influence of blade twist is also indicated in this
figure. This beneficial influence of blade twist
on chordwise cyclic load was also noted at the
higher forward speed runs dw-ing the Full-Scale
Tuonel tests of twisted and untwisted conventional
blades.

Due to the fact that the rotor had been
designed to enable wide variations in dynamic char-
acteristics, a mechanical configuratic:' resulted
vhich was aerodynamically unsuitable and in some
configurations had excessive structural damping;
therefore the data for the phase II testing were
not representative of an optimized design. There-
fore, che third phase of testing was undertaken to
obtain refined dynemic and a¢rodynamic in“ormation
at more extreme conditions.

Pouse TII.- In the third phase, which was
recently completed, the model was again tested in
the Trensonic Dynamics Tunnel. The blade and rotor
hub design was optimized for low drag and the
blades were of more conventi nal aspect ratic and
the blade flapwise and chordwise stiffness were
approximately matched along the entire blade.
Rotors with 3, 4, and 6 blades vere tested with
rotor solidities of 0.06, 0.08, and 0.12, respec-
tively. The 3- and -blede model configurations
are showno in figures 18 and 19. The four-blade
model was considered as the basic test configura-
tion. As in the previcus tests, structural loads
and performance data were obtained for a range of
load factors and forward speeds in the helicoptex
and unloaded rotor mode of operation. The ful-
lowing iistir- represents the maximum operating
conCitions reached in +h~ iluaded rotor configu-
ration for the 4-blade rotor ccatigurstion.
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The data obtained in the third phase of
testing are currently being reduc.l and anslyzed,
and are %o be reporved in the future; however,
from the vwreliminary resuits nuted as the te:(
proceeded, the "optimized" rotor d-sign wita “he
lrw chordwise stiffness blades s* #8 considecable
vromis2 from che staandpoint of structaral Joeads,
ribravicn, ard merformance. This 18 not interded
to imply thet 11 problems have been sa.isla .o-
rily solved, but ratucv thai the hiigeless rotor
ns been successfully operatea av c-mditions which
vere more extreme in regard o combined uyuiemic
pressure and Mach number than any known tests in
the past.

Additicnal observations - One of the areas
whirt requires careful ipvect. gation in veference
to vie reduced chocrdwise stiff.'=ss blade design is
the ground resonance phenomeuon. Duc to the fact
that the blade "in-plane” first bending mode
natural frequency falis helow normal uperating
rotor sprci, a coupling of the in-plaue blade
ouecillation with body jitch or roll oscillation
may occw: during run-up or shutdown of the rotor.
This proolem is the dynamic equivalent of ~lassi-~
cal "ground resonance" experienced with hinged
rotor systems. The solution ip the case of the
hinged systom required the add'tion of blade lag
dampers and landing-geer dwmpers to stabllize the
coupled oscillations of the rotor and body.

An extensive theoretlical analysis of the
ground resonsnce phenomeron for the hingeless
rotor has been carried out ir. referznce 14. 'This
anelysin'inclu.ded rotor aerodynamics; the results
of this work, presented in reference 15, indlcate
that the coupled vibration mode can he stabilized
without addition of artificiel damping. During
the third phase of model testing in the Fransonic
Dyramics Tunnel, limited ground resonance testing
wag conducted in air with the model ballasted for
testing in Freon. This resulted In a dynamic sim-
ulation where aerodynanic forces were diminshed
by approximatcly 60 percent. Under these condi-
tions, cases of unstable "ground resonance" were
encountered. In order to assure safe operation ir.
the tunnel the body pitch ard :oll frequencies
were adjusted to eliminute uncteble resonance when
operating in air. Operation still involved
passing through a body vitch frequercy at low
rotor speed, which theoretically represcntel a
Jround resonant condition. Subsequent opevstion
in Freon was carried out without experiencing
unstable ground regonance. A thorough study of
+he ground resonsnce problem w.s not undertsken
during the tunnel program to determine, experi-
mentally, the role of rotor aerodynamircs, blade
stiffness, and control feedback; howe'er, work of

this type 1. tentatively being planned using the
hingeless-r« tor dynamic model.

Concluding Remarks

In geieral; the flight-research and wind-
tunnel irvestigations carried out to Aate on the
hingeless-rotor priuciple have been very encour-
aging and Lave i-dicated definite promise of
improvements !, ve obteined by proper application
of “.he vrinc’pia. The hingeless-rotor system will
vadoubted); %o subject, in some degree, to many of
the probl.ms fescd Lv the various articulated rotor
systems in addition co =ome prcblems of its own.
There’ are many wayrn open tu cope with these prob-
lems with proper d:sign attenticr based upon suf-
ficient research iiformation. Therefore, research
investigations to . ~mpletel; define the advantages
and limitations c¢f the principle, and solutions to
provlem areas stould Ddroceed in an crderly manner.
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Figure 2.~ Hingeless-rotor

hub and slipring assembly.
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(Solidity = 0.06.)

Three~blade hingeless-rotor dynamic model in Langle

lo-foot transonic dynsmics tunnel.
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